The following article describes a stereophotogrammetry based technique for 3D measurement of human faces. The method was developed for function orientated diagnostics and therapy in dentistry to provide prognoses for jaw-growth or surgical procedures. The main aim of our activities was to realize both -a rapid measurement and a dense point cloud.
INTRODUCTION
The advantages of optical measurements like fast data acquisition, non-interacting with the object under test or the possibility of soft tissue measurements were used in a wide range of technical and medical applications. With actual usage of digital cameras and the rapid data processing of today's PC's fast computations and comfortable visualisations were provided. Examples are the comparison between work pieces and their CAD-references at the production process or growth monitoring of children for medical examinations.
At present several optical methods were adapted to measure 3D surfaces and forms which based on fringe projection [1, 2] , moiré techniques [3] , gray-code projection [4] or photogrammetry [5, 6] . According to principle and application the methods differ in accuracy of measurement as well as computation time or their technical complexity.
The background of our activities was to adapt a method for function orientated diagnostics and therapy in dentistry to provide prognoses for jaw-growth or surgical procedures. The aim was to get a dense 3D point cloud of the human face by a single, rapid measurement. The two named demands were posted to notice essential aspects if living objects were measured. At first a short (< 1 second) measurement should be realized because children are often the aim of medical examinations. Thereby, influences of movements of the person's head were reduced to minimum. Furthermore, if two or more measurements are necessary the matching of point clouds become difficult because of inevitable changing's in facial expressions.
In this paper a stereophotogrammetry-based method is presented which reconstructs the shape of human faces very fast and pleasant. The paper starts with selected basics of stereophotogrammetry and aspects of calibration. Furthermore, an
overview of the experimental setup including the en-and decoding of the surface under test is shown to assign homologous points -needed for 3D reconstruction. At last some experimental results were presented and a discussion of measurement uncertainties is given.
PRINCIPLES OF STEREOPHOTOGRAMMETRY
To describe the properties of imaging mathematically the model of a pinhole camera is used. This implies that every light ray, which reached the detection area, passed a single point: The so called "perspective centre" C. Figures 1 and 2 give a brief overview of a 3D-2D projective transformation of a point P located at the world coordinate frame towards the image plane frame.
The mapping can be elegantly expressed by matrix formalisms including rotations and transformations described by exand intrinsic parameters [7] . At the moment a single camera is considered. That's why, the focus is narrowed onto the intrinsic parameters which were able to get by calibration, described in section 3. A short mathematical description follows below. Using homogeneous coordinates a simplified description can be obtained:
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In matrix formalism the following equation describes the transformation of a point P (x K , y K , z K ) T in space into the image plane. The model of an ideal pinhole camera is enhanced by principal point offset (u 0 , v 0 ), shear (s) and anisotropy (
). This leads to terms expressed by a 3x4 matrix and its short description:
whereas K x is the four dimensional homogenous vector and is the above shown 3x4 matrix. K From this we can reach the following conclusion. The shown formalism describes the mapping of a 3D point to the image plane. But one camera position yielding two image coordinates is insufficient for the determination of three coordinates of an object point. To reconstruct the 3D coordinates an additional camera is required. Fig. 3 gives a brief overview of the adapted convergent camera arrangement. The homologous points p l and p r were used to determine the 3D coordinates of the point P by triangulation. For 3D reconstruction by triangulation the knowledge of the geometrical arrangement of the two cameras is essential. The relations between camera-and reference coordinate systems of both cameras can be described by Euclidian transformations consisting of a rotation R and a translation t. For each camera this can be expressed as:
whereas includes all information of ex-and intrinsic parameters.
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Both matrices and (Indices l and r: left / right image) can be linked to a fundamental matrix F [7] . In consequent, if two homologous points are given by homogeneous coordinates and the following equation has to be satisfied:
From the last equation a substantial consequence can be derived. The product describes a straight line in the other image, which contains the corresponding point. This straight line is called epipolar line (see fig. 3 , Epl). Geometrically this line results of intersecting the image plane with the plane containing the two projection centres and the 3D point P [8] .
If the two corresponding 2D points are known, the associated 3D point can be measured in the following way. Both image points and their related projection centres define a pair of straight lines. The searched 3D point is the one with the least square distance to both lines.
CALIBRATION
For the determination of the intrinsic camera parameters we used a 2D calibration pattern as shown in figure 4 . The 2D-2D projective transformation is used to eliminate influences of extrinsic parameters, so it is possible to determine the intrinsic ones independently [9] . Therefore, the shown calibration pattern is moved to different slopes in relation to the camera and is mapped sequently. Figure 5 shows the element of the matrix K (7), which is the quotient of the distance projection centre -image plane and the pixel size in u-direction. The convergence after the half number of images is caused by a change of the camera position. In the first half, the camera was moved on a circular arc, in the second half on another one but perpendicular to the one before. 
EXPERIMENTAL SETUP
At the two sections before the basics were described which are essential to reconstruct 3D points from given camera coordinates. Now the experimental setup and the core component -the detection of corresponding points in the image area will be described.
As shown in fig. 6 two cameras (c l , c r ) in a convergent arrangement and a digital projector (p) with an adapted optical imaging system were used to measure the 3D profile of the object (o). During the measurement a rapid sequence of about 20 statistical generated patterns (see fig. 7 ) is projected onto the face and synchronously captured by the two cameras. The image sequence provides the encoding of every object-related pixel with a characteristic stack of intensity values. Consequently, with this approach it is possible to reduce the image area -which is necessary to allocate homologous points -to the minimum size of a single pixel. There is no need to use a special template area, i.e., of 11x11 pixels like at classical applications of photogrammetry. Therefore, especially at higher profile gradients a dense 3D point cloud is generated because influences of distortions were reduced to a minimum. To allocate points as homologous a correlation technique is used. The following expression describes the correlation coefficient whereas the sequence i f represents the n intensity values of the reference pixel on the one camera and i g the corresponding intensity values of a point at the epipolar line (see fig. 3 ) on the other camera. f and g are the average values of the sequences:
To every pixel of the related epipolar line a correlation coefficient is computed. As an example, at fig. 8 a typical gradient of the correlation coefficient along a part of an epipolar line is shown. A point will be accepted as a homologous one if the corresponding minimum is exceeded. If more than one comes up with this criterion the maximum is taken. Fig. 9 and 10 show four examples of reconstructed objects pictured with help of rendering algorithms of OpenGL. Each consists of about 150,000 to 350,000 measured points. This corresponds to one third of the camera resolution. Areas with a lower density of measured pionts (see fig. 9 , rigth image) are caused by low reflectance, e.g., at eyebrows or by masking of the surface. As shown in fig. 12 the deviation from the reference profile contains a systematic error. This is caused by reconstruction of the 3D points with integer values of camera coordinates. To overcome this problem we shall apply in further works a sub-pixel interpolation whereas not only the maximum of correlation but in addition some neighbours were used to compute image coordinates. 
RESULTS OF 3D MEASUREMENTS

CONCLUSIONS
In this work a possibility of a rapid 3D measurement by stereophotogrammetry is shown. For this purpose a convergent arrangement of two cameras and a digital projector were used. Several statistical patterns are projected onto the measured surface to encode every object point with a characteristic grey value sequence whereas also classical projectors could be used. The problem of finding homologous points is solved by a correlation technique which makes no use of areal data but takes into account the characteristic intensity sequence of every single sensor element.
In addition to the low measurement period (< 1 second), which is determined by the digital cameras, a dense point cloud is generated. The accuracy of about +/-0.1mm (rms) is sufficient for a wide range of medical or technical applications. Nevertheless further developments are necessary. Approaches are the usage of additional cameras to prevent hidden surface areas. Furthermore, to increase the precision of reconstruction a sub-pixel interpolation of the correlation maximum with usage of its actual neighbours has to be done.
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